The Composite Infrared Spectrometer (CIRS) observed Jupiter in the thermal infrared during the swing-by of the Cassini spacecraft. Results include the first detection of two new stratospheric species, the methyl radical and diacetylene, gaseous species present in the north and south auroral infrared hot spots; determination of the variations with latitude of acetylene and ethane, the latter a tracer of atmospheric motion; observations of unexpected spatial distributions of carbon dioxide and hydrogen cyanide, both considered to be products of the Comet Shoemaker-Levy 9 (SL9) impacts; characterization of the morphology of the auroral infrared hot spot acetylene emission; and a new evaluation of the energetics of the northern auroral infrared hot spot.
sky; at Jupiter closest approach (138 RJ) it subtended 0.3 of the planetary diameter.
The mid-infrared interferometer, covering 600 to 1400 cm -1 , consists of two ten-element linear arrays of 0.3-mrad pixels; at closest approach they each subtended 0.02 of the planetary diameter, equivalent to 2.4° of latitude near the equator. A typical low-latitude jovian thermal emission spectrum, from observations centered between 20°S and 20°N, is shown in the Supporting Online Material (SOM), fig.  S1 . A summary of the major and minor atmospheric gases that have been detected in the CIRS spectra is given in SOM table S1; included are the spectral region(s) where the gaseous signatures occur, and brief comments on global characteristics of the gas. Two new hydrocarbon species detected in Jupiter's stratosphere in the north and south auroral infrared hot spots are the methyl radical (CH 3 ) and diacetylene (C 4 H 2 ) (Fig. 1) . Both species are important to Jupiter's stratospheric photochemistry. The self-recombination of CH 3 leads to formation of C 2 H 6 , whereas its reaction with H atoms reforms CH 4 . Thus the efficiency of CH 4 photochemical destruction is governed by the fate of CH 3 (7) . C 4 H 2 is produced from C 2 H 2 photochemistry and is a potential precursor molecule for stratospheric haze. CIRS has also detected a broad spectral feature in the 693 -707 cm -1 region, at both high northern and southern polar latitudes ( fig. S2 ). The origin of this feature is unknown. It has also been observed on Titan, and may be due to haze from condensation of a stratospheric gas (8) . The first identification of the rotational lines of CH 4 , an already known species, is illustrated in fig. S3 ; these lines allow an independent estimate of the jovian tropospheric CH 4 abundance.
Stratospheric Hydrocarbons C 2 H 6 and C 2 H 2
In non-auroral regions of Jupiter's upper atmosphere (stratosphere), methane photolysis and ensuing photochemical processes create numerous short-and longlived hydrocarbon species. The most abundant are C 2 H 6 and C 2 H 2 . Until now, only one-dimensional models constrained by disk-averaged observations have been used to study photochemistry and vertical transport (9, 10) . These models indicate that ethane is mostly produced by the selfrecombination of methyl radicals (CH 3 ), directly formed from methane photolysis. C 2 H 6 is relatively unreactive and efficiently shielded by CH 4 from photolysis, so it has a long photochemical lifetime, exceeding 100 years in the stratosphere. This makes it an excellent chemical tracer of atmospheric motion. To first order, its vertical distribution is a balance between photochemical production and downward transport to the troposphere. Acetylene is produced mainly from the photodissociation of ethylene and is lost through photolysis and H-atom reaction. Its photochemical lifetime is approximately a year, much shorter than that of ethane. The variations of C 2 H 6 and C 2 H 2 abundances with latitude depend on photochemical and dynamical processes. These variations give insight into meridional transport in the stratosphere, which is poorly understood. Observations of Jupiter by the thermal infrared spectrometers (IRIS) (11, 12) on the Voyager spacecrafts were used in an early attempt to obtain latitudinal distributions of C 2 H 6 and C 2 H 2 .
CIRS spectra of Jupiter, with much better sensitivity and spatial resolution than Voyager, have been analyzed for the latitude variations of these species. The C 2 H 6 and C 2 H 2 line intensities in the stratosphere are functions of the abundance profiles of the species, the temperature profile and the air mass factor [1 / cos (emission angle)] (13). The line intensities (Fig. 2) have been corrected to first order for the last two effects. To properly model the optical thickness of the lines, the corrections for airmass variations were made using a radiative transfer model. The derived C 2 H 6 line intensities, roughly proportional to column abundance, are essentially constant with latitude, indicating a uniform C 2 H 6 profile from equator to pole. As the C 2 H 6 production rate declines towards the poles, the constancy of the abundance profile suggests meridional transport is much faster than the loss of C 2 H 6 by vertical transport (>100 years). In contrast, the C 2 H 2 Q-branch intensity is reasonably symmetric in latitude, but drops significantly from the equator to 70ºN or S; the corresponding decrease of the C 2 H 2 column abundance reaches a factor of ~3 [corresponding to a factor of 2 in intensity, (13) ], and varies with the local solar flux (Fig. 2) . This result suggests that the latitudinal distribution of C 2 H 2 is mostly governed by local photochemistry and that its lifetime (~1 year ) is much shorter than the characteristic time for horizontal transport. The differences between the latitude structure of the two hydrocarbons thus reflects the large difference in their lifetimes, and indicates that the characteristic time constant for horizontal transport exceeds 10 years.
Hydrogen Cyanide and Carbon Dioxide
In July 1994 Comet Shoemaker-Levy 9 (SL9) injected large quantities of N, O, and S bearing molecules into Jupiter's stratosphere near 45°S. Substantial amounts of hydrogen cyanide (HCN), carbon monoxide (CO), and carbon monosulfide (CS), were produced in the ensuing shock chemistry and subsequent photochemistry (1) (2) (3) (4) . Carbon dioxide (CO 2 ), presumably a secondary product of the SL9 collision formed from the photochemical evolution of CO and H 2 O, was detected by ISO Short-Wavelength Spectrometer observations of the 667 cm -1 band of CO 2 , also at low spatial resolution (14) . Millimeter observations have tracked the subsequent transport of HCN, CS and oxygen-bearing compounds from the impact sites, albeit with limited spatial resolution (5, 15) . CIRS has mapped the Q-branch emission features of HCN and CO 2 at 712 and 667 cm -1 (figs. S4 and S5), at a much higher spatial resolution than ISO. These emissions are optically thin, and the line intensities are proportional to the column abundance of the species, the air mass factor [1/cos (emission angle)], and the Planck function value at the average pressure levels where they reside [~0.2 mbar; (5)] (13). The observed HCN and CO 2 intensities, corrected for the last two effects are thus proportional to the column densities (Fig. 3) . As the emissions are optically thin, information on their vertical distribution cannot be directly inferred.
The distributions of HCN and CO 2 with latitude are very different ( Fig. 3 and fig. S6 ). HCN peaks near 45°S and has a broader distribution. It decreases smoothly toward the north up to ~50°N; at latitudes higher than 50°N and 50°S, the abundance falls off abruptly, being 3 times smaller at 65°t han at 45°(N or S). This is consistent with ground-based infrared observations of individual HCN lines which exhibit a maximum abundance around 45°S and a smooth decrease northward to 60°N (15) . The latitudinal distribution of CO 2 , however, is much narrower, and its maximum lies southward of 60°S, decreasing abruptly northward of 50°S. Northward of 30°S, it is only marginally detectable, except at high northern latitudes (70-90°N). The polar enhancements suggest a link with the auroral regions.
HCN latitudinal distribution. Once produced by shock chemistry during the SL9 impacts, HCN is stable (4, 15, 16) and almost inert in the stratosphere, so that it is a tracer of atmospheric motions (5). In fact, the peak abundance is still at the impact latitude, and the total HCN mass in Jupiter's stratosphere observed between 1995 and 2000 (5, 15) is comparable to what was inferred right after the SL9 impacts in 1994 (2) . The sharp falloff of HCN observed at high latitudes cannot be due to chemistry driven by particle bombardment in the auroral regions. Ion chemistry does not break the CN bond, but only efficiently recycles HCN (17, 18) . Thus, a dynamical explanation is the most logical explanation, and HCN should provide a powerful constraint on mixing at mid-latitudes in the southern hemisphere by meridional winds and horizontal wave-induced diffusion. The CIRS observations yield a maximum 5° latitudinal shift in the location of peak abundance from the impact latitude, a behavior consistent with a meridional velocity of zero and a spreading due to diffusion. The equatorward spread of HCN is than mostly by diffusive transport.
If horizontal diffusion were constant with latitude, the SL9 produced HCN would maximize at the south pole (14, fig. 8 ).
The most probable dynamical reason for the southward decrease is the inhibition of wave-induced diffusive mixing of HCN in the presence of strong circumpolar winds (vortices) in Jupiter's polar regions. This effect is analogous to the polar vortex that produces a confinement vessel for the Antarctic ozone hole from mid-latitude air in Earth's stratosphere, and dynamically isolates polar regions from lower latitudes (19 The low abundance in the northern auroral region relative to the southern auroral region suggests that SL9 is the origin of the CO, which is converted partially to CO 2 . The difference in the latitude variation of these two species is surprising and difficult to understand. Atmospherics dynamics clearly plays a role in how these two species are distributed with latitude; other effects such as auroral particle precipitation, different photochemistry, and/or different altitude distributions may help explain why the latitude variation of these species differs. Unraveling the seemingly inconsistent latitudinal distributions of HCN and CO 2 will require knowledge of their vertical profiles, as well as the height-latitudinal distributions of both CO, the primary carrier of SL9 elemental oxygen (O), and H 2 O, which photolytically yields the OH that oxidizes CO to CO 2 .
Auroral Infrared Hot Spots
Jupiter's polar auroral stratosphere is driven by the deposition of energetic magnetospheric electrons and ions, which heats the atmosphere, enhances the abundances of some hydrocarbons by ion-induced chemistry, and increases the visibility of all stratospheric species in the thermal infrared by elevating the ambient temperatures (23) (24) (25) (26) . Spatial variations in the constituent emissions within the auroral region reflect the complex interaction of charged particle impact processes, ion and neutral chemistry, the intense heating associated with direct particle energy deposition and Joule dissipation, and the dynamical transport that it generates. The high spectral and spatial resolution measurements of the auroral regions obtained by CIRS show that the emissions of many hydrocarbons, (e.g., C 2 H 2 , C 6 H 6 , C 2 H 6 , CH 4 in Fig. 4 ; CH 3 , C 4 H 2 , C 3 H 4 in Fig. 1; C 2 H 4; in fig.  S7 ) within the auroral infrared hot spots are enhanced, relative to the surrounding ambient polar atmosphere. These spectral enhancements arise due to differences in temperature and/or composition in the hot spot, relative to its surroundings.
These enhancements in the CH 4 band (Fig. 4B ) are due to differences in temperature; the CIRS temperature enhancement is of the order 20K at 1mbar (20) . The enhancements shown in Fig. 4A for the derivative hydrocarbons arise because of differences in temperature and/or composition. A large temperature enhancement in the upper stratosphere, along with a small variation in the hydrocarbon abundances, has been found to fit the Voyager data (25) .
Auroral infrared hot spot morphology-C 2 H 2 . The global emission enhancement associated with C 2 H 2 , has been mapped from the strong Q-branch emission feature at 729 cm -1 (Fig. 5) . The two localized regions of enhanced emission that stand out at high northern and southern latitudes correspond to the auroral infrared hot spots that have been observed by ground-based telescopes (23) , and Voyager IRIS (24) . The north spot C 2 H 2 emission peaks at 73ºN latitude and 180ºW longitude, and covers an area of about 2.5 × 10 8 km 2 (at half maximum), with the same morphology as the CH 4 emission enhancement (20) . Although the vertical extent of the heated regions is not precisely determined, temperature retrievals from CIRS spectra indicate that the warm anomalies associated with the auroral hot spots lie above the 4-mbar level, based on the nu_4 CH 4 band (20) . This means the 4-mbar level is an upper limit to the pressure level. The morphology of the CIRS C 2 H 2 spots differs from that of the jovian aurorae described at ultraviolet, visible, and near infrared wavelengths (27) (28) (29) (30) (31) . Instead, the CIRS auroral hot spots coincide with the footprints of the jovian polar cusps identified with the Hubble Space Telescope in the far ultraviolet (FUV) at very high latitude (32, 33) , and also detected by X-ray emissions with the Chandra observatory (34) . These features are fixed in magnetic local time near noon, and are localized (5 × 10 5 to 5 × 10 6 km 2 ), but they display a slow motion as Jupiter rotates, which may explain the larger extent of the IR spot. In addition, the extinction by hydrocarbon absorption of the FUV spectra is much larger in the polar cusp (spot) than in any other auroral feature, especially shortward of ~145 nm (33) , indicating large CH 4 column densities, up to several × 10 17 cm -2 , above the auroral source. This indicates that the charged particles responsible for the FUV auroral polar cusps penetrate deep into the CH 4 /C 2 H 2 hydrocarbon layer, and may trigger the C 2 H 2 auroral hot spots (Fig. 5) . Based on the FUV spectra, either the emissions in the C 2 H 2 auroral hot spots are excited by very energetic charged particles (200 keV if electrons, tens of MeV if protons) which deposit the bulk of their energy in thẽ 2-5 µbar pressure level, or the energy deposition in the upper atmosphere is so large (100 ergs/cm2/s) that upward vertical mixing of the CH 4 /C 2 H 2 hydrocarbon layer is significantly increased. In both cases, this is expected to result in changed chemical reactions and/or heating near or below a few microbar pressure level.
Auroral infrared hot spot energetics. The higher spectral and spatial resolution of the CIRS spectra allows an accurate analysis of the outgoing infrared power from the northern auroral infrared hot spot. The northern auroral hot spot spectra were obtained on January 8, 2001 at the highest spatial resolution, during closest approach to Jupiter. The geometrical parameters associated with the average auroral spectrum inside the north hot spot, and the average nonauroral spectrum from the surroundings outside the spot are summarized in table S2. The spectra selected to average inside the hot spot represent the maximum outgoing infrared hydrocarbon emissions observed by CIRS during the Jupiter flyby. Integration over the radiance differences ( fig. S8, A and B) yield an average infrared excess flux of 6-11 × 10 -6 W cm -2 for a total excess outgoing spot power of 1.5-3 × 10 13 W (SOM Text), similar to the determination from Voyager IRIS (25) . For the hot spot energy balance, the excess outgoing power needs to be compared to the incoming energy flux. The power input due to precipitating energetic particles, as derived from the FUV spectra is at most ~10 12 W (35-37), well below the total outgoing infrared auroral power derived above. Joule heating is a viable alternative to supply the missing outgoing power. In order to account for the high energy suggested by FUV and X-ray observations, the polar cusp precipitating particles need to be strongly accelerated before they penetrate the atmosphere. This suggests that strong fieldaligned (Birkeland) currents may flow along cusp magnetic field lines and close as a Pedersen current across field lines in the ionosphere near the altitude of maximum ion conductivity (which is approximately the altitude of maximum energy deposition and ionization and thus within the hydrocarbon layer). Because the ionosphere has finite resistivity, significant Joule heating accompanies the precipitation process. An estimate of the Joule power released exists for another auroral feature, the main oval (38) . If we assume that similar currents can flow along cusp field lines and if we scale by the relative size of the features, some 0.5 to 5 10 13 watts of Joule heating could be released in the cusp. On the other hand, using predictions from a brand new model of the jovian cusp processes (39) one can estimate this power to vary in the range 10 11 -10 15 watts, depending on solar wind conditions and on the nature of the precipitating particles. Therefore, a time averaged Joule heating power of a few times 10 13 watts in the polar cusp is not an unreasonable value, possibly accounting for the missing IR output power. Previous work has also suggested that direct heating from particle precipitation alone cannot account for the infrared emissions (25) . 
